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P e Introduction

ompact Muon Solencid

We study differential properties of B production at LHC (e.g. how much gluon splitting?):

« Itisis a good test of perturbative QCD
« It allows to verify the prediction for B production that is a background to searches
B-production at LHC has significant contribution from NLO diagrams

« Flavour Creation (FCR) b -
« Flavor Excitation (FEX) b
« Gluon splitting (GSP)

B |4 q
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« Different processes have different properties of the produced BB pair

' BB production mechanism |

« Different kinematics
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« Different angular separation

« In this study we measure the angular correlation between two B
hadrons

« In order to highlight the different mechanism the study is
repeated at three different event energy scales, determined by

30f—
the leading jet in the event -

20

Process Fraction [%

« At different energy scales the contributions from LO and NLO

1uf—
diagrams are different -

Lipt>50 Lipt>84 Lipt>120

Leading Jet pT cut (GeV)
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: : : : CMS, |
wee Trigger and leading jet bins z

Three bins in leading jet pT are defined and
the correlation is studied for each bin

Single jet trigger are used

e unbiased trigger selection with respect to the
offline analysis

The pt bins are defined such that the three
single jet triggers are fully efficient (99%)

« Offline jets energy are Particle Flow jets with
energy correction

* Online jets are calorimetric with uncorrected
energy

e Online-Offline combinations:

— Offline Et > 56 GeV , Online Et > 15 GeV
- Offline Et > 84 GeV , Online Et > 30 GeV
- Offline Et > 120 GeV, Online Et > 50 GeV

CMS ~\/s=7TeV,L=3.1pb"
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puzee Measurement of the angle

« While LO processes mainly contribute to the back to back topology, the GSP
mechanism gives the largest contribution at small angle

12000~ ——

« A simple approach using the jets originating from the two B : — Flavor Crtion
as estimator of the directions would not work if the two B 1o — Gluon spiting
are in the same jet a0l

- Small angle region cannot be measured with jets eooo|

. Use Secondary Vertices and PV-SV vector as B-hadron "
direction estimator 200

« Need to reconstruct the SV also if the 2 B hadrons are in o

05 1 15 2 25 3 35

the same jet (dedicated algorithm developed) A® between B hadrons ™

<Large -opening angle- smal>

AR =/An + A@ Py
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«uo B-padron reconstruction

B-Candidates are created for secondary vertices passing mass
and flight distance significance cuts

« Distributions for events with only one B checked on data

Events with exactly two B-hadrons are used to measure the
angular correlation

Efficiency and purity are corrected from MC simulation

« Cross checks on data are performed to estimate the systematic
uncertainty arising from the corrections (see later)

The resolution expected from MC is a factor 20 lower than the
used bin width, no unfolding applied

CMS Vs =7 TeV, Simulation CMS Vs = 7 TeV, Simulation
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Coovripems! Mz Sabannid

Jets

Primary Vertex

B candidates

Tracks from secondary vertices

Secondary vertices

CMS Experiment at LHC, CERN

Data recorded: Mon Jul 12 05:15:38 2010 CEST
Run/Event: 139971 / 9796851

Lumi section: 21

Compact Muon Solencid
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Secondary Vertex
with its Tracks

& ' Primary Vertex
e y

Secondary Vertices
with their tracks

selectedvertices?
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CMS Experiment at LHC, CERN

Data recorded: Sun Aug 15 04:06:48 2010 CEST
Run/Event: 142971 / 343407290

Lumi section: 372
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The BB production angular correlation is measured and reported as follow:
« Differential cross section distributions in AR and A
. In three different leading jet pt bins (event energy scale)

. Using a total luminosity of 3.1/pb (with prescales the effective lumi are 3.1/pb,
0.3/pb, 0.03/pb in the three jet energy bins)

« Two different normalization of the MC are shown:

. Absolute normalization (using absolute efficiency and luminosity — large uncertainties)

« Relative normalization to the “back-to-back” region (AR > 2.4)

— Does not depend on absolute efficiency and luminosity
- Normalize to a well defined phase space where LO diagrams dominate

. Comparison of data with pythia prediction
. Comparison of data/pythia ratio with other-MC/pythia ratios

« Highlight of GSP dominance at high leading jet pt
. Show AR<0.8/AR>2.4 ratio (and asymmetry) as a function of the p_ of the leading jet

All results are given for the kinematic phase space
where both B hadron satisfy the following conditions:
In| <2.0, p_>15 GeV
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puzze Differential DR distribution é

« Relative normalization to the “back to back” region

« Most generators underestimate the small angle production with
respect to the back to back configuration

« Madgraph slightly overestimate it
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» Relative normalization to the “back to back” region

e Same conclusions as for AR
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Results

Absolute normalization systematics is
dominated by the B-Candidate
reconstruction efficiency (uncertainty
~20%), requiring two B and adding
luminosity uncertainty, the total is about
45% (yellow bands)

e Summary of the results:

Jet pr PAR = OAR<08 / UAR>24
Cut {pT) TAR<08 OaR>24 | (€) | (P) Data PYTHIA | MADGRAPH
(GeV) | (GeV) (nb) (nb) (%) | (%) | (stat+sys) (stat) (stat)
> 56 72 37+18 | 26412 | 74 | 849 | 1424029 | 0.89+£002 | 1.53+0.07
>84 | 106 |10.0+48 |57+27| 93 | 846 | 1.774+026 | 1.51+005 | 260+0.09
=120 | 150 29+14 | 1.04+£05| 107 | 832 | 2744032 | 213+007 | 3.64+0.11
Jet pr PAp = Tpageln / Tag>3n
Cut | (pr) | Oapeln | Tagsin | (€) | (P) Data PYTHIA | MADGRAPH
(GeV) | (GeV) | (nb) (nb) | (%) | (%) | (stat+sys) (stat) (stat)
> 56 72 42420 | 24412 | 74 | 849 | 1.784+036 | 1.154+0.15 | 207 +0.10
> 84 106 | 11.5+£55|49+23| 93 | 846 | 2371036 | 1954025 | 3414012
=120 150 | 334+16 | 094+04 | 107 | 832 | 3641046 | 2734+£032 | 4794015

CMS
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« FCR/GSP ratio as a function of the event energy scale:
« AR > 2.4 (FCR region)
« AR < 0.8 (GSP region)

CMS Vs=7TeV,L=23.1pb" CMS Vs=7TeV,L=3.1pb"
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« Pythias underestimates the GSP/FCR, while MadGraph slightly
overestimates it

« Both generators reproduce quite correctly the leading jet pT trend

13



puese  SyStematic uncertainties

« Two types of systematic uncertainties:
« Uncertainties affecting only the total cross section

— Not relevant for the angular distribution, large uncertainties from average efficiency
correction

« Uncertainties affecting the shape of the angular distributions

— Quantify this uncertainties as the variation in the ratio between GSP and FCR
regions (AR < 0.8 and AR > 2.4)

— Additional bin-by-bin uncertainty from limited MC statistics
- Data-driven cross checks:

- Relative efficiency (mixing 2 events with 1B each)
— MC prediction of the pt spectrum

Source of uncertainty in shape Change in par = caR<0.8/ CAR=24 (%0)
Leading jet pr bin (GeV)
=56 | = 84 = 120

Algorithmic effects (data mixing) 2.0 2.0 2.0

B hadron kinematics (pt of softer B) 8.0 7.0 4.0

Jet energy scale 6.0 6.0 6.0

Phase space correction 2.8 2.8 2.8

Bin migration from resolution 0.6 1.3 2.1

Subtotal shape uncertainty 10.6 9.9 8.3

MC statistical uncertainty 13.0 | 13.0 13.0
Total shape uncertainty 16.8 16.4 15.4 14




Algorithmic efficiency loss at small €MS
AR (Event mixing)
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In order to verify that the small AR efficiency loss
Is well modeled in MC we used both on data and
MC an event mixing technique

Events are pre-selected if they contain at least one
B-candidate

Pairs of events are mixed at the level of the
electronics readings if their Primary Vertices are
within the typical PV resolution (20um)

The mixed event is re-reconstructed, re-running
tracking and secondary vertex reconstruction

A relative efficiency is defined by counting the
fraction of mixed events where the two B
candidates from the two original events are re-
reconstructed

The shape of the MC and Data relative efficiencies
IS compared and used to set a systematic
uncertainty (2%)

CMS \s=7TeV,L=3.1pb"
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P e B-hadrons kinematics

« The MC derived efficiency correction can be
wrong If the spectrum of B-hadrons, for a given AR

is not well simulated . ae- i "
. The efficiency has a quite large pt dependency at low momentum % 32: i
 Cross checks on the momenta of the —_H IS
reconstructed B-candidates have been performed: « s-—ma
« Distribution of the momentum asymmetry between the two B % 32: oo’ :
- Distribution of the pT of softer and harder B 'éf ?E:_? OIS :
- Trend of the mean pT for the softer B as function of AR g wE " pin;m.;; ‘ ‘ 3
. The discrepancy are convoluted with an estimate ~ =2——*™
of the efficiency vs pT dependency to compute the 2. -
systematics AR
CMS Vs =7TeV,L=3.1pb" CMS V& =7 TV, L=3.1 pb” CMS Vs =7TeV,L=3.1pb*
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= F [ C e Bﬂ_ -
éuu; - g 70- %} = g ]
L [ r £ O ]
2 100F + + - 2 60 '}‘ E 2 5% + E
w L ] - t E wf +‘H++ 3
r 40 % E e 1
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« The first LHC measurement of BB angular correlations using
secondary vertices and probing the small angle region has been
performed

« Predictions from pQCD can be tested and MC generator tuned to
reproduce the measured differential distributions

« The production in the collinear regime is dominant at high energy
scales

« EXxisting Monte Carlo such as Pythia and MadGraph are found to
reproduce the measured shape within 30-50% (ratio of the two
angular region)

« Predictions are quite different for the different generators

« First steps in the understanding of one of the main background for
searches with bb final states

17
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Backup
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Reconstruction phase space

. The efficiency and purity correction are given for the (simulated) phase space
defined as

. Two B hadrons both with
— pt>15 GeV
_ Jleta] <2
. The reconstructed B are selected with
— pT(sum of tracks@SV) > 8 GeV (about half of the simulated pt is reconstructed at the secondary vertex)
_ leta| <2

. The 8GeV cut is somehow arbitrary. The uncertainty arising from this choice of the
cut is estimated by raising the cut to 10GeV, recomputing the efficiency correction
and looking how the results would change.

dR<0.8/
dR>2.4

19
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Jet Energy Scale =
10. CMS prgllpﬁllqalrx,lz.afi;tél hﬁﬁil? TEE

« JES uncertainty for our jet pt range (56 GeV to ~200
GeV) is at most 3%

« 2.5% for most of the range
« The leading jet can be either a B or a light jet

 Additional 5% uncertainty estimated using pythia vs
Herwig B-jet energy response
PR o i = T T T TR

« Also used in BPH-10-009 and TOP group nachl ndeeee]
o . o 2030 100 200 10002000
« GSP/FCR ratio increases with leading jet pT p, (GeV)

- particle flow jets —Photon scale  j
—~ Extrapolation .
Anti-k; 0.5 & 0.7 _ offset (+1PU) 3

-~ Residuals

Absolute scale uncertainty [%]
cl‘ _Ldbdllp.}ll (":III'&;III{-’..I m IM“Jllm‘ II‘D‘II

= o
C . -
E o-*o.ﬁ—@ﬂ'.

CMS+ys =7 TeV, L = 3.1 pb™

« JES uncertainty translates into a ratio uncertainty for a

= 4r
given LJ pt bin Syab Fsouens
« The result is a 6% systematic uncertainty on the ratio  § s-
6
2.5

W Pythia

0-52_ - MadGraph
C s Data
o_ll|IIII|IlilllllII|IIII‘IIII|IIII|IIII|IIII|III
70 80 90 100 110 120 130 140 150

Leading Jet Pt (GeV)

6%
(not to scale!) 20
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[ ] ] [ ] /
Bin migration =
LJet p_> 56 LJet p_> 84 LJet p_>120
CMS\s = 7 TeV, Simulation i CMS s = 7 TeV, Simulation CMS Vs = 7 TeV, Simulation
£4.5 §4.
—2102 g
K

IIII|II
25 3 35 4 45
ARy,

« Largest migration into a single bin < 9% (5% excluding migration

ARy, AR between B and Bbar

to next bins)
84,120 GeV)

% 05 11.5:7 25 3 35 4 45 | 5 1/15 2 25 3 35 4 45

Overall number of off-diagonal ~ 5%, 6.5%, 6.5% (Jet pt > 56
« Excluding next-bin migration: 2%, 3%, 4.5%
Migration from DR<0.8 to DR>2.4 region: 1.2%, 2.6%, 3.2%

. Systematic uncertainty estimated by changing +-50% the GSP/FCR ratio

Events with |AR,, -AR,,|>0.4 less than 2%

Final effect on GSP/FCR ratio: 0.6%, 1.3%, 1.6%
21
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p B-Candidates selection =

e Secondary Vertices from IVF can also originate from charm or light

B decays can give more than one SV (B->D chain): possible background for
small angle region

« Additional selection and merging of SV into B-candidate is done as follows:

« SV are pre-selected if: m>1.4GeV, Ntracks >=3, dLenSig3D > 5, |eta| < 2,
pt > 8 GeV

« 2 SV are merged into a single “B-candidate” if: AR < 0.4, sumMass < 5.5,
far-vertex (D) momentum pointing (cos > 0.99) to the near vertex(B)

« Events with exactly two B-candidates, with sum of the masses > 4.5 GeV are

kept for analysis
22



). Resolution and binning

Farticle Physics

. The angular resolution is evaluated on MC by looking at the reconstructed AR wrt the AR
between the generator level B-hadrons

o Aresolution of order 0.01-0.02 rad is observed

« The angular binning chosen for this analysis has a width of 0.4 that is much larger than
the resolution. No unfolding needed to correct resolution effects

« Off diagonal contributions are mostly originating from events with one correctly
reconstructed B and one fake, light or charm vertex.

« These contributions are of order of 5% and are corrected bin by bin together with purity
correction applied for non B background (see later slides for systematic uncert.)

CMS s =7 TeV, Simulation CMS +/s =7 TeV, Simulation
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p Efficiency

Efficiency corrections are derived from Monte
Carlo simulation
Small

The SV, and then B-candidate, reconstruction AR
efficiency is determined by two effects, both can

be parameterized as a function of the angular
separation:

« pT of the B-hadrons (softer B are harder to
reconstruct)

At a given event energy scale (leading jet pt DB ~ p leadinget | o
cut) the pT of the B-hadrons become a T T
function of the opening angle (larger pT for

back-to-back, smaller pT for collinear)

. This effect is taken into account by computing the
MC correction, as a function of AR, independently
for each leading jet pt bin

- At small AR an algorithmic efficiency loss is
expected for reconstructing two B hadrons

The MC description of the algorithmic
Inefficiency is verified with a data mixing

technique
24
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) Purity correction -

-

=
« A purity correction is derived from MC and applied bin by bin, taking
Into account the following:

« Bin migration
« Background from events with 2 vertices from bc, bl, cc, cl
« Background from events with more than 2 B
« A multiplicative factor correction is chosen (instead of number of events

subtraction) because all contribution scale with Secondary Vertex
reconstruction efficiency

« As the goal of this analysis is the measurement of the differential cross
section (rather than the absolute value) it is important that the purity
correction is reasonably flat

« From MC simulation we obtain purity within 80-90%

« The limited MC statistics introduce an uncertainty in the final
purity/efficiency correction that can be mitigated with variable binning:

« The largest between half bin-to-bin fluctuation and bin stat uncertainty is taken
as systematic ( 13%)

25
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Two B In one jet

« Standard b-tagging vertex finder (AVR based) uses the jet direction to
preselect the tracks to fit

Does not work well if there are two B in one jet

« Ajet-independent inclusive vertex finder (IVF) has been developed to
reconstruct B-hadron secondary vertices without using the jet information

« The IVF algorithm works in few steps:

Seeding: select seed tracks with high I.P. wrt PV
Clustering: select tracks that are “compatible” with the seed
Fitting: use standard AVF/AVR to fit tracks into vertices

Merging: clean-up duplicate vertices (sharing tracks and being compatible in
3D position)

Arbitration: add tracks not previously selected if the compatibility to the SV is
greater than that to the PV. Remove tracks that are more compatible with
the PV than SV.
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pT vs AR trend at
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fixed leading jet pT

Leading jet Leadi

pT of the B-
hadrons is
about the pT
of the leading
jet

Small
AR

\Y

pT of the B-
hadrons is
about the_half
of the pT of
the leading jet

28
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